SPECIFIC IMMUNE RESPONSE GENES OF THE GUINEA PIG : III. LINKAGE OF THE GA AND GT IMMUNE RESPONSE GENES TO HISTOCOMPATIBILITY GENOTYPES IN INBRED GUINEA PIGS by Bluestein, Harry G. et al.
SPECIFIC  IMMUNE  RESPONSE  GENES  OF  THE  GUINEA  PIG 
III.  LINKAGE  OF  TIrE  GA  AND  GT IMMUNE RESPONSE  GENES  TO HISTO- 
COMPATIBILITY GENOTYPES IN  INBRED  GUINEA  PIGS* 
BY HARRY G. BLUESTEIN,:~  M.D., LEONARD ELLMAN,§ M.D., IRA GREEN, M.D., 
AND BARUJ BENACERRAF, M.D. 
(From the Department of Pathology, Harvard Medical School, Boston, Massachusetts 
02115, and the Laboratory of Immunology,  National Institute  of Allergy and 
Infectious Diseases, National Institutes  of Health, 
Bethesda, Maryland 20014) 
(Received for publication 28 July 1971) 
Immune responsiveness to synthetic polypeptide antigens with limited structural 
diversity is  determined by single  dominant  autosomal genes  (1).  Several different 
immune response genes have been identified in guinea pigs controlling both cellular 
and  humoral immune  responses respectively to  hapten  conjugates of poly-L-lysine 
(PLL)  1 (2), to a  random copolymer of 5-glutamic acid and L-alanine (GA)  (3), and 
to  a  random  copolymer of L-glutamic acid and  L-tyrosine (GT)  (3).  Thus  far the 
"PLL gene," which controls immune responsiveness to PLL antigens, has been  the 
most  thoroughly investigated guinea pig immune  response gene. The  PLL gene  is 
found in all inbred strain 2 and a varying percentage of random-bred Hartley guinea 
pigs. Inbred strain 13 guinea pigs, on the other hand, all lack this gene (2). Several 
immune response genes were shown to be linked to, if not identical with, genes con- 
trolling major histocompatibility  specificities in mice and guinea pigs (4-12). Thus the 
PLL gene segregates together with the genetic locus coding for a major strain 2 histo- 
compatibility specificity in both inbred (5) and random-bred (6) guinea pig strains. 
In a recent report we have demonstrated that the ability of guinea pigs to respond 
immunologically to  the  copolymers  GA  and  GT  is  also  controlled  by  autosomal 
dominant genes designated the GA and GT genes. Strain 2 guinea pigs are GA re- 
sponders, whereas strain 13 animals do not recognize this antigen. In contrast, strain 
13 guinea pigs respond to GT while strain 2 animals are GT nonresponders. In keeping 
with  an  autosomal dominant  mode  of  inheritance,  all  (2  X  13)F1  hybrid animals 
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respond to both GA and GT (2). A varying percentage of random-bred Hartley guinea 
pigs  respond  to  GA,  to  GT,  or  to  both  antigens.  A  comparison  of  the  pattern  of 
inheritance  of the genes controlling immune responsiveness  to PLL,  GA, and  GT in 
random-bred  Hartley  animals  indicated  that  the  GA and  PLL genes are linked but 
not  identical and  that  they  appear  to  behave  as  alleles or pseudoalleles  to  the  GT 
immune response gene (13). 
In  the present  study  we have  examined  the  inheritance  of  GA and  GT  re- 
sponsiveness in the backcross progeny from the mating of (2  X  13)F1 responder 
animals with the appropriate nonresponder parental strain. In addition, we have 
tested  the  same  backcross  progeny  for  the  presence  of  the  major  histocom- 
patibility antigens of the responder parental strain. The data demonstrate  that 
both  the  GA and  GT  immune  response  genes  are inherited  as  unigeneic auto- 
somal  dominant  mendelian  traits.  Furthermore,  the  GA gene is linked  to  the 
locus  coding  for  the  major  strain  2  histocompatibility  antigens,  and  the  GT 
gene  is  linked  to  the  locus  coding  for  the  major  strain  13  histocompatibility 
antigens. 
Materials and Methods 
Polymers.--Poly-cL-(L-glutamic  acid  [60%],  ~-alanine  [40%D ,  GA,  tool  wt  43.000,  and 
poly-L-lysine,  HBr  (PLL),  tool wt  110,000,  were obtained  from the Pilot  Chemicals Inc., 
division  of  New  England  Nuclear  Corp.,  Boston,  Mass.  Poly-a-(L-glutamic  acid  [50%], 
L-tyrosine [50%]),  GT, tool wt 14,500, was obtained from Miles Laboratories,  Inc.,  Elkhart, 
Ind. 
The PLL was reacted with 2,4-dinitrofluorobenzene as previously described  (14) to form 
DNP33-PLL. The subscript refers to the average number of DNP groups per molecule of PLL. 
Animals.--Inbred strain 2 and strain  13 and random-bred multipurpose guinea pigs were 
obtained  from the Animal Production  Unit,  National Institutes  of Health,  Bethesda,  Md. 
F1 animals were obtained by mating strain  2 with strain  13  animals.  F1  males were back- 
crossed with strain 2 or strain  13 females. The resultant offspring  were denoted Et ~)< 2 and 
F1  X  13, respectively. All animals were allowed  to grow to 200-300  g before immunization. 
Immunization  of Guinea Pigs.--F1 X  13 animals were simultaneously immunized with GA 
and DNP-PLL in separate sites. Solutions of each antigen in 0.015 M phosphate buffer, pH 7.5, 
containing 0.15 M NaC1 were emulsified with an equal volume of complete Freund's adjuvant 
(Difco Laboratories, Detroit, Mich.). Concentrations were adjusted so that each animal re- 
ceived 500 #g of GA and  100 #g of DNP-PLL. Each antigen was injected in 0.2  ml of the 
emulsion divided between a front and rear footpad. 
F1  )< 2 animals were immunized with 500 #g GT. The eopolymer was dissolved in 0.015 M 
phosphate  buffer,  pH  7.5, containing 0.15 x  NaCI and  emulsified  with an equal volume of 
complete Freund's adjuvant. Concentrations were adjusted so that each animal received 500 
/zg of GT in 0.4 ml of emulsion which was distributed evenly in the four footpads. 
Determination of Responder Status.--3 wk after immunization, all guinea pigs w ere bred from 
the retro-orbital venous plexus and then skin tested with the appropriate antigen. The F1 X  13 
animals were injected intradermal]y on opposite sides with 10 #g of DNP-PLL and with 50 #g 
of GA, each dissolved in 0.1 ml normal saline. The F1 X 2 animals were injected intradermally 
with 50 ~zg of GT dissolved in 0.1 ml normal saline.  The injection sites were examined 24 hr 
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a positive response. Nonspecific irritation due to GT in unimmunized guinea pigs was always 
less than 8 mm in diameter. Responder status was confirmed by testing the sera for antibody 
directed against the immunizing antigens as described previously (3). 
Detection of Histocompatibility Antigens.--Single  cell suspensions of lymph node cells were 
prepared by teasing the axillary or popliteal lymph nodes in L-15 medium  (Microbiological 
Associates, Inc., Rockville, Md.) containing 10% fetal calf serum. The cell concentration was 
adjusted to 50 M l0  s cells/ml. To each milliliter of cells was added 100/zCi of 51Cr in 0.1 ml 
isotonic saline. After 30 min incubation at 37°C, the cells were washed four times with 50 ml 
cold medium and resuspended to a concentration of 10  N  106 cells/ml. To 0.1 ml of this cell 
suspension was added 0.1 ml of the appropriate antihistocompatibility antiserum diluted 1:5 
and 0.1  ml of a  1:2 dilution of reconstituted lyophilized guinea pig serum  (the complement 
source).  Strain 2 anti-strain 13 and strain 13 anti-strain 2 isoantisera were prepared as de- 
scribed previously (5). After incubation at 37°C for 1 hr, 0.7 ml of cold medium was added and 
the tubes centrifuged at 2500 rpm for 15 min. The radioactivity in 0.5 ml of the supernatant 
was determined by counting in a gamma spectrometer. The radioactivity of each sample was 
compared with the radioactivity measured in supernatants from tubes containing cells incu- 
bated in medium plus complement only and from tubes containing cells which were frozen 
and thawed four times. The percentage of maximum specific 51Cr release was calculated as 
follows: 
Per cent release = 
cpm released by antiserum -- cpm released without antiserum  "~ 
100  X  \cpm  release~ by frozen thawe--~ceZls •  cpm  rel~ase~  wit---hou~  antis~--erum/"  | 
RESULTS 
When the backcross progeny resulting from mating GA responder (2 N  13)F1 
males with nonresponder strain  13 females  (F1  N  13)  are simultaneously im- 
munized with  500/zg  of  GA  and  100 #g  of  DNP-PLL,  approximately  50% 
respond to both antigens (Table I). Of the nine animals tested four responded to 
GA  with  delayed  hypersensitivity  and  the  synthesis  of  circulating  anti-GA 
antibody. The same  animals  also responded to DNP-PLL.  The five  GA non- 
responders were also nonresponders to DNP-PLL.  Thus a single genetic locus 
controls the ability to respond to GA and it is located on the same chromosome 
as the PLL gene. 
The lymph node cells from the same nine FI  X  13 backcross progeny were 
tested for the presence of strain 2 histocompatibility antigens using a strain 13 
anti-strain 2 isoantiserum in a  alCr-release  cytotoxicity assay. The cells from 
all of the GA responder animals  were  lysed by the antistrain 2  antiserum in 
the  presence  of  complement.  The  cells  from  the  GA  nonresponder  offspring 
were  not susceptible  to  lysis  by  this  antiserum,  indicating  that  they lacked 
major strain 2  specificities.  In strain 2 guinea pigs,  then, the GA immune re- 
sponse gene is linked to the genetic locus coding for the major strain 2 histo- 
compatibility antigens as well as to the PLL immune response gene. 
The  reciprocal  backcross  progeny  resulting  from  mating  GT  responder 
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with 500 #g of GT. Of the 17 F1 X  2 animals tested, nine responded to GT with 
both  delayed hypersensitivity and the formation of anti-GT antibodies, while 
the  other  eight  demonstrated  neither  cellular nor  humoral  immunity  to  GT 
(Table II). The nearly 1:1  ratio of GT responder to GT nonresponder found 
among  these F1  )<  2  animals demonstrates  that responsiveness to  GT is con- 
trolled by a  single autosomal dominant immune response gene. 
The lymph node cells from these F1 X  2 animals were tested for the presences 
of strain 13 histocompatibility antigens using a  strain 2 anti-strain 13 isoanti- 
serum.  As  shown  in  Table II,  the  anti-strain  13  antiserum  and  complement 
caused  cytolysis and  release  of  51Cr from  the  cells of  all  the  GT  responder 
TABLE I 
The  Rdationship  between GA  and  DNP-PLL Responsiveness and  the  Presence of Strain  2 
Histocompatibility Antigens in (2 X  13)F1 X  13 Backcross Progeny 
Delayed  Anti-GA  Delayed  Anti-DNP  Cyt°t°xicityrbY 
Animal  hypersensitivitYto  GA  antibody*  hypersensitivitYto  DNP-PLL  antibody+  anfistrainserum§  2 
i  +  46. i  +  87.3  75 
2  +  17.4  +  78.0  60 
3  +  44.0  +  83.2  58 
4  +  38.4  +  81.5  48 
5  -  6.5  -  2.1  1 
6  -  5.7  -  0  0 
7  -  4.4  -  0  2 
8  -  4.3  -  4,9  1 
9  -  2.1  -  1.3  2 
* The per cent binding of GAT-125I (0.2 #g/ml)  by a  1 : 10 serum  dilution as described 
previously (3). Greater than 10% binding indicates the presence of specific antibody. 
:~ The per cent binding of DNP-lysine-3H  (10  -s M)  by a 1:10 serum dilution as described 
previously (18). Greater than 10% binding indicates the presence of specific antibody. 
§ The per cent release of atcr from 106 lymph node cells by a strain 13 anti-strain 2 serum 
diluted 1:15. The assay is described in detail in Materials and Methods. 
animals, while the cells from the GT nonresponders were not susceptible to the 
cytotoxic activity of  this  antiserum.  Thus  the  GT  immune  response  gene  is 
linked to the locus coding for the major strain 13 histocompatibility specificities. 
The data presented above in Tables I  and  II demonstrate  that in strain 2 
guinea pigs there is a chromosome containing the GA and PLL immune response 
genes and the genetic locus coding for strain 2 histocompatibility antigens, and 
that in strain 13 guinea pigs there is a chromosome containing the GT immune 
response  gene  and  the  genetic  locus  coding  for  strain  13  histocompatibility 
antigens.  If  the  same  chromosome  contains  these  genes  in  both  strains,  the 
(2  X  13)F1  hybrid  animals  should  have  a  chromosome  with  one  chromatid 
incorporating the GA, PLL, and strain 2 histocompatibility genes and the other H.  G.  BLUESTEIN~  L.  ELLMAN,  I.  GREEN~  B.  BENACERRAF  1533 
chromatid containing the GT and strain 13 histocompatibility genes. In such a 
situation, the offspring of a cross between (2 X  13)F1 animals and random-bred 
guinea pigs genetically unresponsive  to  both  GT  and  PLL  should  segregate 
as a 1 : 1 ratio of GT responders to PLL responders. None of the offspring should 
respond to both  GT and PLL, but all should respond to one of the antigens. 
As shown in Table III, of tile seven offspring of such a  mating simultaneously 
immunized  with  500  #g  of  GT  and  100  #g  of DNP-PLL,  four  were  GT  re- 
TABLE II 
The Relationship between GT Responsiveness and the Presence of Strain 13 Histocompatibility 
Antigens in (2)< 13)F1 >( 2 Backcross Progeny 
Animal  Delayed hypersensitivity  Anti-GT antibody*  Cytotoxicity by 
to GT  antistrain 13 serum:~ 
1  +  36.5  38 
2  +  73.2  33 
3  +  20.5  46 
4  +  31.7  34 
5  +  34.0  23 
6  +  19.1  21 
7  +  35.9  30 
8  +  16.0  36 
9  +  28.8  27 
10  --  0  0 
11  --  7.2  0 
12  --  2.9  1 
13  --  2.1  0 
14  --  5.7  0 
15  --  6.3  0 
16  --  2.7  1 
17  --  1.3  0 
* The per cent binding of  GT-125I (0.2 /zg/ml)  by a  1:10 serum  dilution as described 
previously (3). Greater than 10% binding indicates the presence of specific antibody. 
:~ The per cent release of 51Cr from 106 lymph node cells by a strain 2 anti-strain 13 serum 
diluted 1 : 15. The assay is described in detail in Materials and Methods. 
sponders and three responded to PLL. None of the animals responded to both 
antigens. 
Considering the close linkage between responsiveness to GT and the major 
histocompatibility locus of strain 13 guinea pigs demonstrated in this study, it 
appeared relevant to explore whether  any relationship could be demonstrated 
between  the specificity of this  antigen and  of strain 2  or strain  13  histocom- 
patibility antigens. We have verified that neither anti-strain 2 nor anti-strain 
13 isoantisera could specifically bind the GT copolymer.  2 
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DISCUSSION 
The segregation of progeny from matings of the responder F1 hybrids back- 
crossed  to  the  nonresponder  parental strain  into  50%  responders,  50%  non- 
responders when immunized with GA or GT demonstrates that unigenic auto- 
somal dominant  mendelian  traits  control immune  responses  to  each  of  those 
antigens.  The  susceptibility of lymphoid  cells from  only the  GA  responders 
among the F1 X  13 backcross progeny to cytolysis with an anti-strain 2  anti- 
serum  demonstrates  the  linkage  between  the  GA  gene  and  the  major  locus 
coding for strain 2 histocompatibility antigens. Similarly, lymphoid cells from 
TABLE III 
Segregation of the GT and PLL Genes Among  the Progeny from the Mating  of GT and PLL 
Responder (2 X  13)F1 Animals  with GT and PLL Nonresponder N[H 
Multipurpose Guinea Pigs 
Animal  GT responder  Anti-GT antibodies  PLL responder  Anti-DNP antibodies 
status*  /% binding~  status*  c~ binding§ 
%  % 
1  -k  29.0  -  5.1 
2  -t-  20.7  -  0.0 
3  -}-  28.7  -  2.2 
4  -  0.0  q-  59.1 
5  +  30.7  -  3.4 
6  -  0.0  +  37.9 
7  --  15.2  -  0.0 
* Responder status was determined as described in Materials and Methods. 
:~ The per cent binding of GT-125I (0.1 #g/ml)  by a  1:10 serum  dilution as described 
previously (3). Greater than 10% binding indicates the presence of specific antibody. 
§ The per cent binding of DNP-Lys-3H  (10  -s M)  by an equal volume of a 1:25  dilution 
of serum as described  previously (18). Greater than 10% binding indicates the presence of 
specific antibody. 
only the F1 X  2 backcross progeny responding to GT are susceptible to cytolysis 
with  an  anti-strain 13  antiserum demonstrating the linkage between  the  GT 
gene and the genes coding for the major strain 13 histocompatibility specificities. 
The characteristics of the GA and GT immune response genes are essentially 
the same as that of the PLL gene which has been studied in considerable detail 
(2, 5, 6). In fact, we have previously shown  that these three immune response 
genes are closely related physically. In random-bred guinea pigs we showed that 
the GA and PLL genes are linked but not identical and their presence tends to 
exclude  the presence  of  the  GT  gene.  We  interpreted  this  to  indicate allelic 
exclusion between the GT gene and the GA and PLL genes, and postulated that 
those guinea pigs responding to  all three antigens would have  a  chromosome 
composed of one chromatid containing the GA and PLL genes as well as genes It.  G.  BLU-ESTEIN,  L.  ELLMAN,  I.  GREEN~  ]3.  BENACERRAF  1535 
coding  for  strain  2  histocompatibility antigens  and  another  chromatid  in- 
corporating  the  GT  gene  and  genes  coding for  strain  13  histocompatibility 
antigens (13).  In the present study, using the offspring of inbred guinea pig 
strains, we have confirmed the linkage of the GA and PLL genes. Further, by 
mating the (2 X  13)F1 animal with random-bred guinea pigs unable to respond 
to  all  three  antigens,  we  experimentally demonstrated the  existence  of  the 
postulated chromosome having the PLL gene and strain 2 histocompatibility 
locus on one strand and the GT gene and strain 13 histocompatibility locus on 
the other. 
As more genetically controlled immune responses are being identified, it is 
becoming increasingly clear that the linkage between specific immune response 
genes and histocompatibility loci is a  general phenomenon. Further, it is ap- 
parent that within a species immune response genes tend to be grouped together 
on the same chromosome. Thus, McDevitt and Chinitz have demonstrated the 
existence of a genetic locus in mice, the It-1 locus, which is made up of at least 
three immune response genes each of which is linked to a different H-2 allele (4). 
The significance of these observations is not yet clear. The possibility must be 
entertained  that  immune  response  genes  may determine  histocompatibility 
specificities.  There is no evidence at present which rules this out. Among the 
92 random-bred guinea pigs tested for concurrence of PLL responsiveness and 
the presence of a major strain 2 histocompatibility specificity the two charac- 
teristics have always occurred together (6). Thus, the PLL gene is either part 
of or very closely linked to the locus coding for the major strain 2 histocom- 
patibility antigens. 
With the increasing demonstrations of a relationship between histocompati- 
bility genotype and  certain  diseases,  both  neoplastic  (15,  16)  and  collagen 
vascular (17) in nature, and considering the role the immune system plays in 
the pathogenesis if not the etiology of those diseases,  it is apparent that the 
linkage of specific  immune response  genes  to  histocompatibility genes  is  of 
considerable pathogenic significance. 
S'UMMARY 
The ability of guinea pigs to form immune responses specific for each of the 
random copolymers, L-glutamic acid and L-alanine (GA)  and L-glutamic acid 
and L-tyrosine (GT), is under the control of distinct autosomal dominant genes. 
By testing for the ability to respond to these copolymers among the progeny 
from the reciprocal backcross mating of responder (2 M 13)Fi animals with the 
appropriate nonresponder parental strain, we have demonstrated that different 
unigenic autosomal dominant traits control the ability to respond to GA and 
GT respectively. The data further shows that the GA gene is linked to the 
poly-L-lysine (PLL)  gene  and  to  the  locus  determining  the  major  strain  2 1536  IMMUNE  RESPONSE GENES AND HISTOCOMPATIBILITY  TYPE 
histocompatibility specificities and that the GT gene is linked to the locus con- 
trolling the expression of major strain  13 histocompatibility specificities. 
Analysis of the  inheritance  of the  GT and  PLL genes among the  offspring 
from a  mating of responder  (2  X  13)F1 guinea pigs with random-bred guinea 
pigs unable to respond to GT or PLL demonstrate  that these genes segregate 
away from each other. Thus, the PLL gene and the genes to which it is linked, 
the GA gene and the major strain 2 histocompatibility locus, behave as alleles 
or pseudoalleles  to  the  GT  gene  and  the  major  strain  13  histocompatibility 
lOCUS. 
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